ABSTRACT T h i s paper r e v i e w s t h e a u t h o r ' s r e s e a r c h o f t h e adhesion, f r i c t i o n , and micromechanical p r o p e r t i e s o f m a t e r i a l s and p r e s e n t s examples o f t h e r e s u l t s . 
INTRODUCTION Adhesion i s an i n t e g r a l p a r t o f d i v e r s e t e c h n o l o g i e s , such as t h o s e i n v o l v e d w i t h f r i c t i o n and wear, c r a c k f o r m a t i o n i n ceramics, t h e s t r u ct u r a l performance of ceramic composite m a t e r i a l s and ceramic c o a t i n g s , and t h e i n t e g r i t y and packaging o f t h i n -f i l m d e v i c e s l i k e i n t e g r a t e d c i r c u i t s . D e s p i t e t h e widespread c h a r a c t e r o f adhesion phenomena, t h e d e t a i l e d mechanisms o f t h e b a s i c adhesion of ceramic m a t e r i a l s a r e n o t w e l l unders t o o d and a r e , f o r t h e most p a r t , unknown
. A number o f t h e surface and b u l k p r o p e r t i e s o f ceramics a f f e c t t h e n a t u r e and magnitude o f t h e i n t e r f a c i a l bond f o r c e s t h a t develop between these m a t e r i a l s . S u r f a c e prope r t i e s i n c l u d e e l e c t r o n i c s u r f a c e s t a t e s , i o n i c species p r e s e n t a t t h e surf a c e , chemical s t r u c t u r e o f t h e c o n t a c t i n g m a t e r i a l s , and t h e presence or absence o f s u r f a c e contaminants. Bulk p r o p e r t i e s i n c l u d e c r y s t a l l o g r a p h y , c o h e s i v e or l a t t i c e e n e r g i e s , d u c t i l i t y or b r i t t l e n e s s , and t h e presence or absence o f d e f e c t s 12-71. B a s i c q u e s t i o n s remain unanswered: Where does an i n t e r f a c e f a i l , and how does t h i s depend on t h e chemical s t r u c t u r e , mechanical b e h a v i o r , and s t r e s s l e v e l s w i t h i n the i n t e r f a c e ? How does the a d h e s i v e f o r c e depend on t h e i n t e r f a c i a l s e p a r a t i o n ? The adhesive p r o p e rt i e s of ceramics have been s t u d i e d , b u t more fundamental r e s e a r c h i s needed on t h e n a t u r e o f adhesive f o r c e s and t h e modes o f j u n c t i o n r u p t u r e C81.
When two s o l i d s a r e b r o u g h t i n t o c o n t a c t and adhesion o c c u r s , t h e r e a r e a v a r i e t y o f methods which can be employed t o q u a n t i f y t h e bonding f o r c e s . Some i n v o l v e t e n s i l e p u l l i n g on t h e i n t e r f a c e . The s t r e n g t h o f adhesion i s u s u a l l y expressed as t h e f o r c e needed t o p u l l t h e s u r f a c e s a p a r t : t h a t i s , t h e p u l l -o f f f o r c e 181. O t h e r methods, such as f r i c t i o n f o r c e measurements, a r e based on t a n g e n t i a l s h e a r i n g o f t h e j u n c t i o n 11,21. F i r s t t h i s paper r e v i e w s t h e newly developed t o r s i o n a l balance adapted f o r p u l l -o f f f o r c e measurements f r o m t h e Cavendish balance and second compares t h e r e s u l t s o b t a i n e d b y t h e two methods o f q u a n t i f y i n g t h e bonding f o r c e ( i . e . , p u l l -o f f f o r c e and f r i c t i o n f o r c e measurements). S i l i c o n c a r b i d e , aluminum o x i d e . and i r o n -b a s e amorphous a l l o y s a r e examined as examples. The s i l i c o n c a r b i d e i s examined i n c o n t a c t w i t h i t s e l f a t tempera t u r e s from room temperature t o 900 O C i n vacuum. s t u d i e d i n c o n t a c t w i t h t h e iron-base amorphous a l l o y s a t temperatures from room t e m p e r a t u r e t o 700 O C i n vacuum. e s t a b l i s h s u r f a c e s t a t e s and t h e i n f l u e n c e o f s u r f a c e c h e m i s t r y .
The aluminum o x i d e i s S u r f a c e c h a r a c t e r i z a t i o n i s used t o 1 ORIGINAL PAGE IS OF POOR QUALtTY 
ADHESION AND FRICTION DEVICE
The adhesion and friction devices used in this study were mounted in an ultrahigh vacuum system ( Fig. 1 ) that contained an x-ray photoelectron spectroscopy ( X P S ) spectrometer. The mechanism for measuring adhesion and friction was basically a pin on a flat configuration, as shown schematically in Fig. 1 .
Pull-Off Force adapted from the principle of the Cavendish balance used to measure gravitational forces in 1798 191. The adapted torsion balance consists of a solid, A , and a displacement sensor, such as an electromechanical transducer, mounted at opposite ends of a horizontal arm which is supported at its center by a vertical wire, such as a single-strand music wire (Fig. 2 ) . Another solid, B, is moved horizontally toward A , presses against i t , and twlsts the wire through a small angle with a normal force, the normal loading process, thereby moving the sensor. The solid B is then gradually moved horizontally backward until the two solids are pulled apart in a normal direction, the unloading process. If the force of adhesion between the two solids is zero, A separates from B at its original position and untwists the wire, thereby moving the sensor back to its original position. If an adhesive force between the two solids is present, the force twists
The adhesion measuring device used in this study was a torsion balance ' W ! Figure 1 . -Apparatus for measuring adhesion and friction in ultrahigh vacuum t h e w i r e as B moves backward u n t i l t h e w i r e develops s u f f i c i e n t f o r c e t o separate t h e s u r f a c e s o f A and B i n t h e normal d i r e c t i o n .
I n t h i s system, t h e a t t 6 a c t i v e f o r c e o f adhesion and t h e f o r c e r e q u i r e d t o p u l l t h e s u r f a c e s o f two s o l i d s a p a r t ( t h e p u l l -o f f f o r c e ) a c t a l o n g a h o r i z o n t a l d i r e c t i o n and a r e n o t a f f e c t e d b y g r a v i t y and buoyancy. The a x i s o f w e i g h t and buoyancy o f a l l t h e components (such as t h e arm, sensor, and w i r e ) i s d i f f e r e n t from t h a t o f t h e p u l l -o f f m i c r o f o r c e to be measured and i s i n t h e v e r t i c a l d i r e c t i o n because o f g r a v i t y . T h e r e f o r e , t h e s i z e and w e i g h t o f specimens have a l m o s t no e f f e c t on t h e accuracy o f measuring p u l lo f f f o r c e s .
S i n c e t h e p u l l -o f f f o r c e i s measured b y t h e t o r s i o n a l moment a c t i n g on t h e t o r s i o n w i r e , t h e f o r c e can be c a l i b r a t e d i n t h r e e ways: ( 1 ) by c a l c ul a t i o n from t h e g e o m e t r i c shape of t h e t o r s i o n w i r e such as i t s l e n g t h and a r e a o f s e c t i o n , i n g t o t h e s o l i d A i n F i g . 2 ) was mounted on one end o f a movable arm. A f t e e -m o v i n g , rod-shaped magnetic c o r e was mounted on t h e o t h e r end o f t h e arm. The c o i l s o f a l i n e a r v a r i a b l e d i f f e r e n t i a l t r a n s f o r m e r (LVDT) were mounted on a s t a t i o n a r y arm. There was no p h y s i c a l c o n t a c t between t h e mova b l e magnetic c o r e and t h e c o i l s t r u c t u r e . The movable arm was supported by a s i n g l e s t r a n d o f music w i r e a c t i n g as a t o r s i o n s p r i n g . The f l a t specimen ( c o r r e s p o n d i n g t o t h e s o l i d B i n F i g . 2 ) was mounted on a specimen h o l d e r a t t a c h e d t o a m a n i p u l a t o r , which a l l o w s e l e c t r o n beam specimen heati n g i n a vacuum.
For t h e a c t u a l balance shown i n F i g . 1 , t h e p i n specimen (correspond- 
F r i c t i o n Force S t r a i n gages were used t o measure loads and f r i c t i o n f o r c e s ( F i g . 1 ) .
A manipulator-mounted beam was p r o j e c t e d i n t o t h e vacuum system. The beam c o n t a i n e d two p a i r s o f f l a t s assembled normal to each o t h e r w i t h s t r a i n gages mounted t h e r e o n . I n each p a i r , t h e f l a t s were p a r a l l e l t o each o t h e r . The end o f t h e beam c o n t a i n e d t h e p i n specimen. A s t h e f l a t s p e c imen mounted on t h e o t h e r m a n i p u l a t o r ( t h e same f l a t specimen used i n t h e adhesion e x p e r i m e n t s ) was moved toward t h e p i n specimen, a l o a d was a p p l t e d . The l o a d was measured b y s t r a i n gages mounted on t h e p a i r o f f l a t s ( F i g . 1 ) . Under an a p p l i e d l o a d , t h e f r i c t i o n f o r c e was measured d u r i n g v e r t i c a l t r a n s l a t i o n by s t r a i n gages mounted normal t o those measuring l o a d . The f l a t specimen was s l i d v e r t i c a l l y by moving t h e micrometer-head-screw o f t h e m a n i p u l a t o r .
EXPERIMENTAL PROCEDURES Mater i a 1 s S i l i c o n c a r b i d e . -The s i n g l e -c r y s t a l a-Sic f l a t p l a t e l e t s were a
The s i n t e r e d p o l y c r y s t a l l i n e a-Sic used i n t h e experiments was a 98.5
Aluminum o x i d e . -The s p h e r i c a l r i d e r s t h a t were made t o s l i d e on t h e
99.9 p e r c e n t pure compound o f s i l i c o n and carbon. a l l e l to t h e i n t e r f a c e .
t o 98.7 p e r c e n t p u r e compound o f s i l i c o n and carbon. t e r e d p o l y c r y s t a l l i n e p i n specimen was 1.6 mm.
amorphous a l l o y s were s i n g l e -c r y s t a l aluminum o x i d e ( s a p p h i r e ) spheres, 3 . 2 mm i n d i a m e t e r .
81Fe-13.58-3.5Si-2C, 40Fe-38Ni-4Mo-188) were examined i n t h i s i n v e s t i g at i o n . c o n d i t i o n s .
The basal p l a n e was p a r -
The r a d i u s o f t h e s i n -
Amorphous a l l o y s . -Three amorphous a l l o y (67Fe-18C0-14B-lSi, The a l l o y s were f o i l s , 30 to 33 pm t h i c k and were used i n t h e as-cast
Procedures
For SiC-to-Sic c o n t a c t , t h e c o n t a c t i n g s u r f a c e s o f t h e p i n and f l a t specimens were p o l i s h e d w i t h diamond powder 1 pm i n d i a m e t e r and t h e n w i t h aluminum o x i d e powder 1 pm i n d i a m e t e r . A l l t h e specimens i n t h i s i n v e s t ig a t i o n were r i n s e d w i t h h i g h -p u r i t y e t h a n o l b e f o r e t h e experiments. The f l a t specimen was mounted on a specimen h o l d e r w i t h an e l e c t r o n beam h e a t e r assembled i n a m a n i p u l a t o r . The e l e c t r o n beam h e a t e r c o u l d r a i s e t h e temp e r a t u r e o f t h e f l a t specimen t o 1200 O C . a t y p e K ( N i -C r / N i -A l ) thermocouple i n c o n t a c t w i t h t h e f l a t specimen. The p i n and f l a t specimens were p l a c e d i n a vacuum chamber, and t h e system was evacuated and baked o u t t o a c h i e v e a p r e s s u r e o f 30 nPa. Then t h e hemis p h e r i c a l , s i n t e r e d p o l y c r y s t a l l i n e s i l i c o n c a r b i d e p i n specimens were i o ns p u t t e r e t c h e d w i t h a 3000-eV beam a t 25-mA c u r r e n t w i t h an argon p r e s s u r e o f 0.7 mPa. The i o n beam was c o n t i n u o u s l y r a s t e r e d o v e r t h e specimen s u rf a c e . A f t e r s p u t t e r e t c h i n g , t h e system was reevacuated t o a p r e s s u r e o f 30 nPa or l o w e r . Then i n s i t u p u l l -o f f f o r c e (adhesion) and f r i c t i o n f o r c e measurements were conducted w i t h t h e i o n -s p u t t e r -c l e a n e d h e m i s p h e r i c a l s i nt e r e d p o l y c r y s t a l l i n e s i l i c o n c a r b i d e p i n specimens i n c o n t a c t w i t h t h e a s -r e c e i v e d and electron-beam-heated s i n g l e -c r y s t a l s i l i c o n c a r b i d e f l a t specimens i n u l t r a h i g h vacuum. r i n s e d w i t h h i g h -p u r i t y e t h a n o l b e f o r e t h e y were p l a c e d i n t h e vacuum chamb e r . A f t e r t h e specimens had been p l a c e d i n t h e vacuum chamber, t h e system was evacuated and baked o u t t o a c h i e v e a p r e s s u r e o f 30 nPa. Then, b o t h f l a t and p i n specimens were argon i o n s p u t t e r cleaned w i t h a 3000-eV beam The temperature was measured w i t h For A1203-to-amorphous a l l o y c o n t a c t , t h e p i n and f l a t specimens were
a t 2 5 mA c u r r e n t w i t h an argon p r e s s u r e of 0.7 mPa. F i n a l l y , i n s i t u f r i ct i o n experiments were conducted w i t h t h e i o n -s p u t t e r -c l e a n e d aluminum o x i d e p i n i n c o n t a c t w i t h t h e i o n -s p u t t e r -c l e a n e d and r e s i s t a n c e -h e a t e d amorphous a l l o y f l a t specimens i n u l t r a h i g h vacuum [11,121. Both f l a t and p i n specimens were analyzed by x -r a y p h o t o e l e c t r o n spect r o s c o p y . The procedures o f t h e XPS a n a l y s i s
4-

-
2-
D
RESULTS AND DISCUSSION S i C-to-Si C C o n t a c t promote surface chemical r e a c t i o n s . These chemical r e a c t i o n s cause p r o d u c t s
An i n c r e a s e i n t h e s u r f a c e t e m p e r a t u r e of a ceramic m a t e r i a l tends t o t o appear on t h e s u r f a c e whlch can a l t e r adhesion, f r i c t i o n , and wear (111. i t h i n c r e a s i n g t e m p e r a t u r e i n t h e range o f 600 t o 800 OC. A t 800 O C and above, t h e g r a p h i t e c o n c e n t r at i o n i n c r e a s e d m a r k e d l y w i t h an i n c r e a s e i n temperature, whereas t h e s i 1 
For example, when an a s -r e c e i v e d s i l i c o n c a r b i d e s u r f a c e was p l a c e d i n a vacuum, t h e p r i n c i p a l contaminants ( d e t e r m i n e d by XPS) on t h e a s -r e c e i v e d s i l i c o n c a r b i d e s u r f a c e were adsorbed carbon and oxygen, s i l i c o n o x i d e s , and r e s i d u a l g r a p h i t e (11,131. When t h e a s -r e c e i v e d s i l i c o n c a r b i d e s u r f a c e was heated i n a vacuum t o 400 O C , t h e adsorbed carbon contaminants disappeared. I n a d d i t i o n t o nominal
i c o n c a r b i d e c o n c e n t r a t i o n decreased r a p i d l y i n i n t e n s i t y a t t h e s i l i c o n c a r b i d e s u r f a c e . The s u r f a c e o f s i l i c o n c a r b i d e g r a p h i t i z e s . F i g u r e 4 p r e s e n t s t h e average p u l l -o f f f o r c e s for t h e s i l i c o n c a r b i d e (0001) s u r f a c e s i n c o n t a c t w i t h a s i n t e r e d p o l y c r y s t a l l i n e s i l i c o n c a r b i d e p i n as
low adhesion can be a s s o c i a t e d w i t h t h e presence o f t h e contaminants on t h e as-received f l a t specimen s u rf a c e . A l t h o u g h t h e p u l lo f f f o r c e decreased s l i g h t l y a t 600 O C , i t remained r e l a t i v e l y h i g h i n t h e range o f 400 t o 700 O C . be a t t r i b u t e d t o t h e absence o f adsorbed contaminants such as carbon. The somewhat low v a l u e s o f p u l l -o f f f o r c e a t 600 "C a r e p r o b a b l y due t o t h e a -q u a r t z t o & q u a r t z t r a n s i t i o n of s i l i c o n d i o x i d e a t about 583 O C (856 K )
The 
[141. Above 800 O C . t h e p u l l -o f f f o r c e decreased r a p i d l y w i t h an i n c r e a s e o f temperature. l a t e d w i t h t h e g r a p h i t i z a t i o n o f t h e s i l i c o n c a r b i d e surface. F i g u r e 5 p r e s e n t s t h e c o e f f i c i e n t s o f s t a t i c and dynamic f r i c t i o n for t h e s i l i c o n c a r b i d e (0001) s u r f a c e s i n c o n t a c t w i t h s i n t e r e d p o l y c r y s t a l l i n e s i l i c o n c a r b i d e p i n s as a f u n c t i o n o f temperature i n a vacuum.
c o e f f i c i e n t o f f r i c t i o n and t h e maximum and minimum measured v a l u e s o f c o e ff i c l e n t s o f f r i c t i o n were o b t a i n e d from f i v e or more measurements. The s t a t l c and dynamic f r i c t i o n c h a r a c t e r l s t i c s a r e t h e same as those o f adhesion p r e s e n t e d i n F i g . 4 . The c o e f f i c i e n t o f s t a t i c and dynamic f r i c t i o n g e n e r a l l y remained low a t temperatures t o 400 O C . The low f r i c t i o n i s due to t h e presence o f t h e contaminants on t h e f l a t specimen s u r f a c e , as ment i o n e d e a r l i e r . The c o e f f i c i e n t s o f s t a t i c and dynamic f r i c t i o n i n c r e a s e d r a p i d l y a t 400 O C , r e m a i n i n g h i g h i n t h e range o f 400 t o 700 O C . The r a p i d i n c r e a s e i n t h e s t a t i c and dynamic f r i c t i o n i s r e l a t e d to t h e absence of adsorbed contaminants such as carbon. The somewhat low v a l u e s o f c o e f f ic i e 
n t o f s t a t i c and dynamic f r i c t i o n due t o t h e t r a n s i t i o n o f s i l i c o n d i o x -
i d e a t about 600 O C a r e a l s o seen i n f i g . 5(a> and ( b ) . Above 800 O C t h e c o e f f i c i e n t o f s t a t i c and dynamic f r i c t i o n decreased r a p i d l y w i t h an i n c r e a s e i n t e m p e r a t u r e . Again, t h e r a p i d decrease i n f r i c t i o n above 800 O C corresponded t o t h e g r a p h i t i z a t i o n o f t h e s i l i c o n c a r b i d e s u r f a c e .
&Q3-to-Amorphous
Alloy C o n t a c t These Table I . I t i s a l s o i n t e re s t i n g t o n o t e t h a t i n F i g . 6 t h e r e i s a c o n s i d e r a b l e d i f f e r e n c e i n t h e f r i ct i o n measured as a r e s u l t o f v a r i a t i o n s i n a l l o y c h e m i s t r y .
Temperature e f f e c t s ( n o t o n l y above the c r y s t a l l i z a t i o n t e m p e r a t u r e b u t a l s o below i t ) l e a d t o d r a s t i c changes i n t h e m i c r o s t r u c t u r e and i n t h e s u rf a c e c h e m i s t r y o f amorphous a l l o y s as c h a r a c t e r i z e d by t r a n s m i s s i o n e l e c t r o n microscopy, e l e c t r o n d i f f r a c t i o n , and x-ray p h o t o e l e c t r o n s p e c t r o
Above 500 "C t h e c o e f f i c i e n t o f f r i c t i o n decreased d r a s t i c a l l y . The Even a t e l e v a t e d temperatures i n vacuum, t h e t o r s i o n balance has proven to be v a l u a b l e i n s t u d y i n g t h e i n t e r f a c i a l adhesion p r o p e r t i e s o f m a t e r i a l s . T h i s system can make s i m p l e and a c c u r a t e i n s i t u p u l l -o f f f o r c e measurements w i t h o u t b e i n g a f f e c t e d by g r a v i t y and buoyancy. f o r c e s as low as 1 )I N can be measured. The a c c u r a c y o f measuring p u l l -o f f f o r c e s does n o t change w i t h t h e s i z e and w e i g h t o f t h e specimen. g a i n i n g q u a n t i t a t i v e i n f o r m a t i o n on i n t e r f a c i a l bond s t r e n g t h s . The behavi o r of s t a t i c and dynamic f r i c t l o n i s p r i m a r i l y r e l a t e d t o t h a t o f adhesion ( p u l l -o f f f o r c e ) . dependent on t h e chemical s t r u c t u r e o f t h e ceramic s u r f a c e s and t h a t o f t h e m a t e r i a l s w i t h which c o n t a c t i s made. 
Abstract
This paper reviews the author's research of the adhesion, friction, and micromechanical properties of materials and presents examples of the results. The ceramic and metallic materials studied include silicon carbide, aluminum oxide, and iron-base amorphous alloys. The design and operation of a torsion balance adapted for study of adhesion from the Cavendish balance are discussed first. The pull-off force (adhesion) and shear force (friction) required to break the interfacial junctions between contacting surfaces of the materials were examined at various temperatures in a vacuum. The surface chemistry of the materials was analyzed by x-ray photoelectron spectroscopy. Properties and environmental conditions of the surface regions which affect adhesion and frictionsuch as surface segregation, composition, crystal structure, surface chemistry, and temperature were also studied. 
